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sensitivity   allows   the   identification  and  characterization  of   such  microbes   in   complex
biological samples.
In this chapter we report how endobacteria thriving inside arbuscular mycorrhizal fungi
(AMF),   which   are   themselves   obligate   biotrophs   of   plants,   can   be   studied   using   a
combination of in vitro culture, molecular biology and microscopy techniques.
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key   role   improving  mineral  nutrition  and protection  of   their  host  plant.  AMF,  which
belong to  the ancient  phylum Glomeromycota  (1),  have been considered as  the oldest
group of fungi capable to positively interacting with plants: they have been hypothesized
to be crucial for the terrestrialization of first land plants c. 450 Mya (2). In addition to some
distinctive   features   (AMF   are   asexual,   multinucleated   and   obligated   biotrophs),
Glomeromycota   may   harbour   endobacteria   in   their   cytoplasm  (3).   Two   types   of
endobacteria  have  been   so   far  described  and  identified   in  AMF:  a   rod­shaped Gram­
negative β­protebacterium called Candidatus Glomeribacter gigasporarum (CaGg) (4) and a
coccoid   bacterium   which   represents   a   still   enigmatic   taxon   of   Mollicutes­related
endobacteria (Mre)  (5).  Differently from Mre,  that show a wide distribution across the
Glomeromycota, the presence of  CaGg is limited to the Gigasporaceae family.  CaGg has
been deeply  investigated:   its  genome sequence has revealed that  the endobacterium is
nutritionally dependent on the fungus and has a potential role in providing its host with
essential   factors   like   vitamin  B12  (6).   The   fungus,   on   the   contrary,   is   not   obligately
dependent   on   the   endobacterium  (7).   However   the   removal   of  CaGg   causes   some
morphological changes in Gigaspora spores and a reduced proliferation of the presymbiotic
fungal hyphae. By contrast, information on Mre is extremely limited: based on 16S rRNA
gene   sequences,   this   novel   bacterial   taxon   is   sister   to   a   clade   encompassing   the
Entomoplasmatales and Mycoplasmatales (5) and shows high level of sequence variability.
Interestingly,  CaGg   and  Mre   have   been   simultaneously   detected   in   some  Gigaspora
margarita  isolates (fam. Gigasporaceae) hosting what has been described as a new fungal
microbiota (8). Thus, single or multiple bacterial populations can thrive inside AMF that,








































large  amounts  of   spores.  The  Millipore   sandwich  allows   to  produce   clean  and   intact
extraradical mycelium, while the root organ cultures (ROCs) can be used to obtain in vitro










Ghignone   and   colleagues   (6)   that   allows   to   obtain   a   spore   lysate   enriched   in   the





group   of   fungi,   such   as  Mucoromycotina.  Among   them,  Rhizopus  microsporus,   a   rice
pathogenic fungus whose pathogenicity is related to the internal presence of a strain of
Burkholderia   rhizoxinica  (13);  Mortierella   elongata,   a   filamentous   fungus  which   hosts   a
Burkholderia­related   endobacterium  (14);  Endogone,   one   of   the   oldest   plant­associated

























































































































































































1. SYTO 9®  Green­Fluorescent Nucleic Acid Stain (Life Technologies,  Carlsbad,  CA,
USA), 5 mM solution in DMSO. Store at ­20°C and protect from light. Freshly prepared

















































1. PCR reagents:  10 µM of suitable primers (see  Tab. 1),  2.5 mM of each dNTP, 5X
Phusion®  HF Buffer,  Phusion®  DNA Polymerase (2U/µL) (Thermo Fisher Scientific,
Waltham, MA, USA), ultrapure water.























































fluorochromes   like   fluorescein   isothiocyanate   (FITC)  or  cyanine  dies   (Cy3  or  Cy5).
Resuspend in ultrapure water the probes to obtain a 500 ng/µL probe stocks. Aliquot

























































































































































































































































2.  Using flame­sterilized tweezers,   transfer  a 4­5 cm long T­DNA transformed root
fragment in the center of a round Petri dish (9 cm diameter) containing M medium.
Gently   sink   the   root   explant   below   the  medium   surface  with   tweezers   to   avoid
desiccation. 




































substitution   preparation.   Subsequently,   spore   samples   were   infiltrated   with
Epon/Araldite   resin   and   then   embedded   in   resin   blocks.   For   details   on   the   cryo­
preparation and the subsequent resin infiltration and polymerization refer to  (8). In this


































































































































































































1.  Carry   out   individual   PCR   reactions   in   a   final   volume  of   20   µL   containing   1X
Phusion® HF Buffer, 375 µM of each dNTP, 750 nM of each primer (see Tab. 1), 0.02
U/µL Phusion®  DNA Polymerase, 1­4 uL (from rapid DNA extraction) or 40­50 ng




































3.   Purify   PCR   products   directly   from   an   amplification   reaction   or   extract   DNA




5.   Insert   the   cloned   vector   into  One   Shot®  TOP10  Chemically  Competent  E.   coli
following the manufacturer’s instruction.
















copy number/μl  based upon the molecular weight of   the template.  Generate serial







































55   to   95°C  with   a   heating   rate   of   0.5°C   per   10   s,   with   continuous   fluorescence
measurement (see Note 18).




























diluted   fungal   sample(s)  were  used   for   the  quantification   run,  multiply   the   figure
obtained by the dilution factor to retrieve the actual number of target DNA sequences
























































































































































11.   Treat   bacterial   suspension  with   RQ1   RNase­Free   DNase   A   according   to   the
manufacturer’s instruction: incubation at 37°C for 30 min followed by 10 min at 65°C to
inactivate the enzyme. The 100­spore batch tubes are still separated. Store at ­20°C.
12.   Pool   the   bacterial   suspension   and   extract   genomic  DNA  with   a  CTAB­based
method (see subsection 3.3.1). 
13. Check DNA extraction for fungal contamination using primers specific for AMF
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Note 3  Avoid to subject   formamide to freeze­thaw cycles.  After  thawing an aliquot,   it










































Note 8  The sandwich,  composed by two cellulose nitrate membrane containing the  L.
japonicus  seedling and the  G. margarita  spores should be handled with extreme care;   it
should be placed in the Magenta box so that approximately 2/3 of its height is embedded
in the sand.
Note  9  The  mycorrhizal  efficiency   is   fast   reducing   in  subsequent  ROC cycles   for   this
specific   AMF   isolate.   Furthermore,   the   population   of   the   endobacterium  Candidatus
Glomeribacter   gigasporarum   is   dramatically   reduced   in   successive   spore   generations












































Note 13 Certain DNA polymerases add a single adenine to the 3 ends of amplified DNA  
fragments. The pGEM®­T Easy linearized Vector contains a single 3  terminal thymidine at
each end which binds to the A overhang added by the polymerase. However, the Phusion®
DNA Polymerase   used   in   this   protocol,   as   the   other  DNA polymerases   that   have   a















































between  65   and  70°C and   the   amplified   fragment   for   each  primer  pair   is   comprised
between 80 to 150 bp. If these parameters are not respected, change annealing temperature
and time accordingly.





















































Non­sense probes  have no known rRNA target,   thus ensuring  that  non­specific  probe








enrichment   can  vary  depending  on   the   goal   of   the   experiment   (i.e.  bacterial   genome
sequencing, FISH on bacterial  suspension,  DNA extraction, etc.),   the abundance of  the
endobacteria within the spores, and the size of the spores. This protocol describes the steps
necessary   to   prepare   the   material   for   the   genome/metagenome   sequencing   of   the
endobacteria   from  Gigaspora   margarita  (BEG34   and   MR104)   and  Racocetra   verrucosa
(VA105B)   isolates.   1000   (for  BEG34)   ­   1200   (for  MR104   and  VA105B)   spores  used   as
starting  material   allow   the   obtainment   of   about   1   ug   of   enriched  bacterial  DNA.  G.
margarita and R. verrucosa produce relatively big spores (mean spore Ø 321 and 308 µm,
respectively), but different AMF isolates or species could require a lower/higher spore
number   to   be   used   as   starting   material   for   a   bacterial   enrichment   and   following
genome/metagenome sequencing.
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